A B S T R A C T Palmitate, glucose, and glycerol oxidation to C02 have been investigated in the fasted state in ten normal subjects and nine patients (six hyperlipoproteinemias, one xanthomatosis, and two glycogenosis) after intravenous injection of [1-'4C]palmitate, [1-'4C]-glucose, or [1-14C]glycerol in tracer amounts. The specific activities and concentrations of plasma palmitate, glycerol, or glucose and expired C02 were measured at various intervals after the injection for a period of 24 h. All the studies were analyzed in terms of a multicompartment model describing the structure for each of the subsystems, the transfer of carbon label between subsystems, and the oxidation to C02. A bicarbonate subsystem was also included in the model to account for its role in shaping the C02 curves.
INTRODUCTION
Glucose and fatty acids in plasma follow different metabolic routes in the synthesis of glycerides, phospholipids, and in oxidation to C02. The roles and relative magnitudes of these pathways are important in understanding normal and pathologic metabolism. Studies have been carried out on the contribution of glucose, FFA, and glvcerol to glyceride synthesis in hyperlipemia (1) (2) (3) . Some workers have also studied the oxidation of FFA (4-6), glucose (7) (8) (9) (10) , and glycerol (11, 12) conversion of these metabolic fuels in normals, in essential hyperlipemia (types IV and V-Fredrickson classification), and in secondary hyperlipemia (glycogenosis) .
Aside from the obvious physiological interest, such studies also serve to develop a universal model for the kinetics of these metabolites, to help understand the mechanism of hyperlipemia, and to identify sites or parameters affected by changes in the system. The present studies were carried out for a period of 24 h (36 h of fasting)-considerably longer than most other reported experiments of this type.
METHODS

Subjects and procedures
Experimental subjects1 (Table I) . Seven male and three female patients ranging in age from 20 to 44 yr served as "normals" for these studies. Eight of the patients were "normal control volunteers" and had no evidence of any organic disease. The two remaining patients were admitted for study of unrelated disorders and had no clinical or laboratory evidence of abnormal lipid and carbohydrate metabolism. Ten abnormal subjects were studied. Patients S. M., J. I., L. A., P. A., and D. V. were type IV hyperlipoproteinemias, and L. R. and H. I. type V hyperlipoproteinemiasaccording to the Fredrickson classification scheme. The experiments were performed before any special diet or drug treatment. Patient M. E. had diffuse papular lesions of dis- into one of the antecubital veins of the opposite ing with the instant of injection, expired air as in 100-liter latex bags for 5-min periods without for the 1st h, at 30-min and later 60-min inte the subsequent 8 h, and finally at 24 h.
Blood samples were obtained from the arte intervals for the first 10 min, at 5-min intervals 20 min, at 15-min and 30-min intervals to 180 m from the vein at 60-min intervals to 480 min; one taken at 720 and one at 1,440 min.
Separation of radioactivity of glycerol, glucost tate. Blood was collected in dry syringes, tr tubes containing heparin, mixed thoroughly, and placed in ice until analytic procedures began. separated from cells at 5°C in a refrigerated PR-2 centrifuge (International Equipment Ct Heights, Mass.) at 2,000 rpm for 20 min. plasma were extracted immediately for FFA, glycerol determinations. 1-ml aliquots were ex ml chloroform-methanol (CM)3 2:1 and 5 ml o solution. Chloroform from the lower phase N by evaporation at 40'C under nitrogen and then by silicic acid column chromatography to sepz lipids and phospholipids. The chloroform phaE neutral lipids was evaporated under nitrogen ani in 10 ml of 2,2,4-trimethylpentane. FFA we from triglycerides and cholesterol esters by th Borgstr6m (13) . Immediately after closing the connection to the vacuum pump and attaching the bag to the flask, a portion of the breath sample was allowed to enter the flask containing Hyamine. Pressure equilibrium was reached within 10 s (Fig. 1) . After a i-h absorption time, Hyamine-methanol was transferred with three methanol washings to glassstoppered 25-ml volumetric flasks. A blank was prepared using 10 ml of 0.5 M Hyamine-methanol in 25- (19) . FFA were extracted and titrated by the method of Dole (20) , with 2,2,4-trimethylpentane in place of heptane. Total lipids were determined according to the method of Bragdon (21) , glyceride glycerol as described by Carlson and Wadstr6m (22) , and lipid phosphorus according to Stewart and Hendry (23) . Total Model and data analysis
To account fully for the observed oxidation kinetics of glycerol, glucose, and FFA, it was necessary to consider the conversion of glycerol to glucose, the oxidation kinetics of glycerol, glucose, and FFA, and the kinetics of bicarbonate. A block diagram of these subsystems and their interconnecting pathways is shown in Fig. 2 . The detailed structure of each subsystem was determined from a combination of our experimental data and published literature information. The entire model was tested against all the information for consistency and uniqueness in defining the parameter values. All the modeling and data fitting was performed on a digital computer using the SAAM25 program of Berman and Weiss (29) .
In calculating steady-state masses and transports all quantities were expressed in carbon-equivalent units, by using a factor of 3 for glycerol, a factor of 6 for glucose, and a factor of 17 for FFA. From the steady-state calculations it is possible to determine the fraction of each moiety converted to the others and the contribution of each moiety to the total C02 output. Bicarbonate. No experiments were carried out to study specifically the bicarbonate subsystems in our subjects and a three-compartment structure proposed by Waterhouse, Baker, and Rostami (6) was adopted (Fig. 3) . Estimates of parameter values and their uncertainties based on the population of Waterhouse et al. were initially entered in the model for fitting our C02 data. When our data contained some information about the bicarbonate subsystem, the parameter values were free to readjust, subject to the imposed a priori statistics of the population. The bicarbonate subsystem derived from the FFA-C02 studies was also used to analyze the glucose-CO2 and glycerol-CO2 subsystems.
Free fatty acids. The model for the FFA subsystem is shown-in Fig. 3 . Plasma FFA was simulated by a threecompartment model. The two-compartment model previously proposed by Eaton, Berman, and Steinberg (2) and Shames et al. (43) was based on at most 2-h data and was inadequate to fit the 24-h data in the present experiments.
To start with, it was assumed that the oxidation of FFA to CO2 took place via a rapid pathway, from plasma FFA to plasma bicarbonate (5) . To test this, plasma FFA data were used as a direct precursor to the three-compartmental bicarbonate model. It was observed that such a path did not satisfy the early CO2 data; a short delay between plasma FFA and bicarbonate was needed. This was accomplished by the insertion of a compartment between the two as shown in Fig. 3 . A very good fit of the data was obtained with this model as shown in Fig. 4 . The rate constants were estimated with satisfactory precision as shown in Tables II and III . In fitting the data it was assumed that CO2 specific activity approximates that of plasma bicarbonate (30, 31) and that plasma is the site of entry of newly released CO2 into the bicarbonate subsystem (32, 33) .
Glucose. The two-compartment glucose model published by Shames et al. (7) and its oxidation to bicarbonate was initially adopted. The Shames model, however, was based on 5-h studies, and did not satisfy our plasma glucose data collected over a 24-h period. We found it necessary to add a third compartment to the glucose subsystem as shown in Fig. 5 . The parallel arrangement of the compartments is arbitrary since our data cannot determine the exact connectivity. This choice, however, is not critical with respect to the major conclusions of the paper.
The bicarbonate subsystem used with the glucose subsystem is the same as that used with the FFA.
The intermediate subsystem which couples glucose to bicarbonate is structurally the same as that published by Shames et al. (7), although some of the parameter values were somewhat different, as discussed later.
As shown in Fig. 6 , a very good fit was obtained with the chosen model. The parameter values and their uncertainties, derived from a least square fit of the data, are shown in Table V .
Glycerol. The plasma glycerol data required a threecompartment model. By using the glucose subsystem determined previously and plasma glycerol as its precursor Fig. 8c .
RESULTS
The results are presented in Tables I through VIII. All patients were investigated under comparable nutritional conditions (i.e., a standard diet for 15 days and a 14-h fast just before the tracer injection). However, during fasting plasma FFA concentration increases and glucose concentration decreases; whereas, glycerol, glyceride, and bicarbonate concentrations do not change. For the calculation of steady state transports, plasma concentration at the time of tracer injection was chosen. A metabolite, characterized by a set of exchangeable states, may be considered a subsystem. When there is a conversion from one metabolite to another and kinetics are followed for extended periods of time, compartments in one subsystem may appear as exchange compartments of another. On the other hand, when experiments are of short duration, only the rapid transit pathways show up, and calculated interconversion rates tend to be low (7). To be able to determine interconversion rates correctly all subsystems and pathways within a system must be properly identified, and experiments must be carried out over a long enough period to observe even the slowest of pathways. The present study of the glucose, FFA, glycerol, and bicarbonate subsystems and their integration into a single system under the constraints of the conservation laws is a step to this end. But, as will be seen, this as yet has not been fully achieved.
Glucose. The present data are derived from experiments over a 24-h period-considerably longer than most other reported kinetic experiments. Because of this some differences both in the nature of the models and magnitudes of metabolic pathways may be expected. This is particularly noticeable for the glucose subsystem which contains a total exchangeable mass considerably greater than for previously published models (7, 35) . Compartments 11 and 12 of the glucose subsystem are comparable Oxidation of FFA, Glucose, and Glycerol in Man to the compartments normally "seen" in experiments of shorter duration (3-5 h); whereas, compartment 13 is a carbon pool with which glucose exchanges slowly and probably includes metabolites such as glycogen, triglycerides, amino acids, etc. The exchange pathways with compartment 13, therefore, could include glycolysis and the recovery of some carbon labels 'through gluconeogenesis. For this reason we do not consider compartment 13 as a "glucose" compartment, even though it is part of the glucose subsystem. Even with compartment 13, however, as much as 50% of the injected glucose label leaves the subsystem (Ro,15, Table VI) we are not in a position to distinguish between these pathways of the glucose subsystem. Fortunately, this is not critical for the evaluation of the oxidative pathways as seen over a 24-h period.
The plasma equivalent space of distribution of compartment 11 (Vu) is about 16% of BW, somewhat smaller than the extracellular space, even though it includes the red cell pool. This is explained in part by the fact that in some tissues extracellular glucose concentrations are lower than in plasma. With its rapidly exchanging compartment 12 (Va2) the plasma equivalent space of distribution is numerically equal to 30-50% of the BW, comparable to previously reported glucose spaces (35) . This must include some intracellular glucose exchange compartments (probably liver and kidney).
It is conceivable that the slow component in the glucose curve was artificially generated by the meal given the patient 500 min after the start of the study (i.e., after a 22-h fast). However, since glycerol and glucose carbon was found in significant amounts in proteins, the slow release of label from amino acids as a result of gluconeogenesis seems reasonable. Furthermore, examination of the data over the first 500 min (i.e., before the meal) already strongly suggests a need for a slow In the glycogenotic patients several differences were observed in the metabolism of glucose that are compatible with the known cause of the disease, namely, a reduction of the levels of glucose-6-phosphatase in liver and kidney. There was a decrease in L, 12 A large fraction of glycerol is rapidly converted to plasma glucose. This further supports the notion that liver and kidney account for compartment 9. In normals, after a 14-h fast about 69% of the glycerol is converted to glucose. This fraction is known to be lower in the nonfasting state (38) .
In hyperlipemics the glycerol subsystem is similar to that in normals, although the fraction converted to glucose is slightly higher.
Oxidation of FFA, Glucose, and Glycerol in Man The most striking change in the glycerol subsystem in glycogenosis is the reduction in the value of Ln, 8 , and the fraction of glycerol converted to plasma glucose. As liver and kidney are the tissues from which glucose derived from glycerol can be released, the reduced flux is most likely due to a deficiency in glucose-6-phosphatase. Levels of glucose-6-phosphatase in the liver of our patients were, in fact, found to be dramatically low. That glucose was released to the extent found implies that the liver may hydrolyze glucose-6-phosphate by nonspecific phosphatases, as suggested by Howell (membranes, or cells in rapid exchange) then increased fatty acid mobilization would decrease the mass M (as for compartments 2 and 3) and appear as a reduced plasma equivalent space. The results also show that in hyperlipemia there is an increase in the "irreversible" loss of FFA (Lo,), but no change in its direct rate of oxidation. This is consistent with an increase in FFA utilization for very low density lipoprotein production in hyperlipemia which is included as part of Lo, in the model.
Insulin is known to inhibit the enzymatic hydrolysis of triglycerides and to facilitate triglyceride synthesis in adipose tissue. This is contrary to the results of our studies which show an increased FFA mobilization in hyperlipemics. We cannot explain this. It is conceivable that not all the observed insulin is biologically active and that the increased FFA conversion to triglycerides is due to mass action. It is also possible that additional factors not considered here are involved in one or more of the processes.
In normals the calculated ratio in carbon fluxes of FFA (U1) and glycerol (Us) is about 17, close to the theoretically expected value if all the FFA and glycerol were supplied by triglycerides in adipose tissue. This flux ratio is increased in hyperlipemics, and suggests that in these patients some FFA may come from nonadipose tissues independently of glycerol. FFA kinetics were not performed on the glycogenotic patients. It is expected, however, that in glycogenosis hypoglycemia stimulates (through a reduction in insulin) the release of FFA by adipose tissue and inhibits the disposal of triglycerides from plasma, causing secondary hyperlipemia. A high plasma level of FFA has been observed in these patients.
CO2 production. The model accounts (Table X) for nearly 64% of CO2 production in normals, about half of which is furnished by FFA and half by glucose. The contribution from glycerol is small (1.4%). The remaining 36% of C02 production is probably due to contributions from the oxidation of amino acids and other stored substrates (triglycerides, glycogen, etc.). In view of the reduced fraction of C02 production accounted Oxidation of FFA, Glucose, and Glycerol in Man for in hyperlipemics (51%), it would seem that these patients may have greater amounts of stored substrates. It is also of interest to note that in the model for normals (Fig. 9 ) the total inputs to the four subsystems (U1 + U5 + U8 + Un) is 14.17 mmol C/min as compared to 8.39 mmols C/min released as C02 This is due to the fact that the irreversible pathways shown in the various subsystems recycle to the system after considerable delays (longer than the time span of the experiments).
It was found that for each of the subsystems (FFA, glycerol, glucose) some "coupling" compartments had to be introduced between it and the bicarbonate subsystem, to account for a delay between the observed activity in plasma and its appearance in C02. The delay was in addition to that provided by the bicarbonate subsystem. In some studies the desired delay could also be produced by assuming that oxidation takes place in a peripheral compartment of a subsystem. This could be rationalized for the FFA subsystem. For glycerol, however, the coupling compartment is probably real, in that lactate is an intermediate between glycerol and bicarbonate. In fact, in patients B. D. and G. E. considerable activity was observed in lactate. For the glucose subsystem the coupling compartments are also probably real, and represent various intermediates in the glycolytic pathways. Another possible explanation for a delay is that C02 first appears in a peripheral compartment of the bicarbonate subsystem, although arguments against it were presented by Segal, Berman, and Blair (42) .
The oxidation of glycerol takes place through two pathways: lactate and glucose. Fig. 8c shows the C02 contributions from each of these pathways. The lactate pathway contributes most of the early position of the CO curve; whereas, the glucose component contributes most to the terminal portion. The 
